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0 Deposition of planarizing methods and apparatus. 



® A layer of a substance such as an aluminum 
alloy is deposited, preferably by sputtering, onto a 
surface of a substrate such as a semiconductor 
wafer. The deposited substance is redistributed by 
bombarding the layer with ions by applying low 
frequency RF excitation at about 5 KHz -1 MHz to 
the substrate. 
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DEPOSITION AND PLANARIZING METHODS AND APPARATUS 



The present invention relates to methods and 
apparatus for depositing and planarizing a layer of 
a material on a substrate surface. Methods and 
apparatus according to preferred aspects of the 
invention are particularly useful in fabrication of 
microelectronic devices. 

Microelectronic devices ordinarily incorporate 
layered structures which include microscopic elec- 
tronic elements and a generally planar layer of 
Insulating material covering these elements. In the 
manufacture of such devices, the layer of insulating 
material may be formed with small holes and a 
layer of metal is deposited on top of the insulating 
layer so that metal extends into the hole to contact 
the electronic elements. The metal layer is then 
etched to form separate leads extending to the 
various electronic elements. Typically, the metal is 
deposited from the gas phase onto the insulating 
layer, as by evaporation, gas phase reaction pro- 
cesses or, most typically, by sputtering. 

In sputtering, ions are impelled against the 
sputter source or "target" to dislodge atoms of the 
source, referred to as "adatoms," which then de- 
posit on the substrate to be coated and form the 
layer. Ordinarily, the process is conducted under 
very low subatmospheric pressure by creating a 
plasma or mixture of gas ions and free electrons 
and directing the ions towards the sputter source 
under the influence of an electric field. The electric 
field typically is created either by applying a nega- 
tive DC voltage or a radio frequency ("RF") excita- 
tion signal to the sputter source. Where RF excita- 
tion is applied to th© sputter source, the sputter 
source also becomes negatively charged because, 
as is well known in the art, the interface between 
the plasma and the sputter source acts as a recti- 
fier. RF sputtering is almost universally conducted 
with RF excitations at 13.56 MHz, a so-called 
"ISM" frequency (industrial, scientific and medical), . 
and at other, higher, ISM frequencies. Regulations 
governing stray radio frequency emission from the 
apparatus are far less stringent for the ISM fre- 
quencies than for other frequencies. 

The metal deposited may not completely fill 
tine holes in the insulating layer and hence may not 
provide reliable conductive pathways in the finished 
device. Because the total surface area of a hole is 
greater than the area of the opening of the hole in 
the plane of the insulating layer top surface (a hole 
has sides), the average amount of material de- 
posited in the hole per unit of surface area is less 
tiian tiiat deposited on the planar top surface. 
Moreover, the material deposited adjacent, the 
opening tends to mask the deeper portions of the 
hole walls, leading to particulariy poor coverage of 



the walls and formation of voids and undercuts in 
the deposited material. The top surface of the 
metallic layer, the layer remote from the insulating 
layer, ordinarily has an irregularity or depression in 

5 the region overlying the original hole in the insulat- 
ing layer. Such irregularities tend to create even 
more severe irregularities as further layers are de- 
posited on the metallic layer during device fabrica- 
tion. The voids or undercuts created by unequal 

TO deposition also cause processing problems in later 
fabrication steps. Problems of incomplete filling 
and irregular top surface configuration similar to 
those encountered with holes occur in the case of 
other non-planar features such as grooves in a 

15 layer to be covered by a gas-phase deposited 
layer. These problems also occur in depositing 
layers of materials other than metals. 

These problems have become particulariy ac- 
ute with continued progress in other areas of 

20 microelectronic manufacture and design. All of 
these problems are aggravated as the size of fea- 
tures such as holes and grooves decreases and as 
the severity of the layer topography increases, i.e.. 
as the walls of holes, grooves and the like in a 

25 substrate layer to be covered become more nearly 
perpendicular to the plane of the substrate layer. 
However, to provide further miniaturization of semi- 
conductor devices. It is necessary to use progres- 
sively smaller holes, grooves and the like, and to 

30 employ progressively more severe layer topog- 
raphy. Thus, the problems noted above have posed 
a significant impediment to progress in microelec- 
tronics. 

The art has therefore sought processes which 

35 can "planarize" a deposited layer, i.e.. which can 
cause the layer to more completely fill holes and 
depressions in the underlying substrate layer and 
which provide a smoother top surface on the de- 
posited layer. It has been known heretofore that 

40 planarization can be achieved by simply melting 
the deposited metallic or other layer. For example, 
in sputtering processes, considerable energy can 
be transferred to the metal or other sputter-de- 
posited layer as adatoms of the sputtered material 

45 merge with the layer. The major portion of this 
energy typically is converted to heat. The tempera- 
ture of the entire layer may rise above the solidus 
temperature of the sputtered material (the lowest 
melting temperature), so that bulk flow of the ma- 

50 teriai occurs. Such bulk flow effectively fills holes 
and provides a flat top surface on the sputtered 
layer. However, unwanted effects such as segrega- 
tion of elements from alloy layers, growth of metal- 
lic grains within the layer, heat damage to under- 
lying electronic elements and the like render melt- 



2 



3 



0 273 550 



4 



ing undesirable in most semiconductor applica- 
tions. 

Other approaches which have been proposed 
rely upon ion bombardment and/or "resputtering" 
of the deposited layer in a sputtering process. 
Thus, as disclosed in Homma et al.. Planar Deposi- 
tion of Aluminum RR'DC Sputtering with RF 
Bias . J. Electro-Chemical Soc. VOL. 132, No. 6. pp. 
1466-1472 (1985), RF excitation may be applied to 
the substrate as well as to the target or sputter 
source during deposition of an aluminum layer by 
sputtering. Just as in conventional sputtering, RF 
excitation has been applied in resputten'ng at a 
frequency of about 13.56 MHz. in effect, the metal- 
lic layer deposited on the substrate surface, be- 
comes another sputter source or target, ions from 
the plasma impact upon the layer and dislodge 
atoms of the deposited metal from the top surface 
of the layer. Some of the dislodged material tends 
to fill the holes or other surface irregularities, and 
to fill in tow spots on the deposited layer. . 

At least some of the adverse effects of the 
melting procedure are avoided or mitigated using 
the resputtering approach. However, the resput- 
tering effect markedly slows the metal deposition 
process. Thus, while some metal is being depos- 
ited in the layer by the principal sputtering process, 
some is removed by the resputtering process. To 
achieve good planarization with even a moderate 
substrate layer topography, a resputtering rate of 
about 50% to about 70% is considered necessary. 
Stated another way, 50% of the metal deposited in 
a given time is lost by resputtering. Thus, the net 
rate of deposition is dramatically reduced, and pro- 
ductivity of the sputtering equipment is severely 
curtailed. Moreover, the ions bombarding the layer 
tend to heat it. To keep the total heat input to the 
layer within bounds and avoid melting the layer, 
the heat input supplied by sputtered adatoms must 
be reduced to compensate for this effect. Thus, the 
principal sputtering rate itself must be less than 
that used without resputtering. This factor, coupled 
with the losses caused by resputtering, results in a 
net deposition rate of about 10% or less than that 
achievable without resputtering. Stated another 
way, process time and hence process cost are 
increased tenfold with this RF resputtering ap- 
proach. 

A further approach, taught by Skelly et al.. J. 
Vac. Sci. Technol. A, VoL 4, No. 3, pp. 457-460 
(May/June 1986), is the application of a DC bias to 
the substrate, also while the substrate is in proxim- 
ity with a plasma in a sputtering process. The DC 
bias also causes bombardment of ttie layer by ions 
from the plasma. This is said to result in some 
degree of planarization. However, the planarizing 
effects occur principally after the process has op- 
erated for a considerable period of time, thereby 



indicating that the planarizing effects are caused at 
least in part by heat generated within the layer 
during the process. It therefore appears that the DC 
bias process involves bulk melting of the layer 

5 material and hence shares certain disadvantages 
associated with the simple melting process referred 
to above. The ion flux or number of bombarding 
ions per unit area with DC bias will necessarily be 
limited by the "Langmuir effect." thereby impairing 

70 the efficacy of the process. Moreover, the DC bias 
process typically induces some resputtering as 
well, typically "to a resputtering rate of about 10% 
to about 30%. Therefore, ttie DC bias process 
considerably reduces productivity of the sputtering 

75 operation and increases its cost. 

One aspect of the present invention incorpo- 
rates the discovery that markedly superior results 
can be achieved using substrate RF excitation in a 
particular frequency range, between about 5 kHz 

20 and about 1 MHz, preferably between about 50 kHz 
and about 450 kHz and most preferably between 
about 100 kHz and about 250 kHz. In a process 
according to this aspect of the present invention, a 
layer forming substance, most preferably a metal, 

25 is deposited on a surface of the substrate from the 
gaseous phase to form the layer, the layer is 
exposed to a plasma, and RF excitation within the 
aforementioned frequency range is applied to the 
substrate. The RF excitation applied to the sub- 

30 strate induces a bias on the substrate, so that ions 
from the plasma bombard the layer as the same is 
formed by deposition from the gas phase. Prefer- 
ably, the amplitude of the RF excitation is selected 
so that the bias voltage is between about 100 and 

35 about 500 volts, and more preferably between 
about 100 and about 400 volts. With RF excitation 
of the substrate in the preferred frequency ranges 
according to the invention, the bombarding ions 
tend to mobilize the substance being deposited on 

40 the surface of the layer, rather than to dislodge 
such substance entirely from the surface. Thus, 
substantial surface mobility can be achieved with 
only minor amounts of resputtering. In preferred 
procedures according to this aspect of the present 

45 invention, the resputtering rate or rate at which the 
substance of the layer is dislodged by the bom- 
barding ions is less than about ten percent of the 
rate at which the substance is deposited in the 
layer. 

50 Moreover, this enhanced surface mobility can 

be achieved even while the bulk temperature of the 
layer being formed is maintained at a sufficiently 
low value, below the solldus temperature of the 
substance being deposited, so as to prevent un- 

55 desirable melting, grain growth and segregation 
within the film. Stated another way, the procedures 
according to preferred aspects of the present in- 
vention provide surface mobility sufficient to 
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planarize the layer without, bulk melting of the lay- 
er. Most preferably, the bulk temperature of the 
layer is controlled during the process, as by con- 
trolling the temperature of the substrate, to keep 
the layer bulk temperature well below the solidus 
temperature of the substance being deposited in 
the layer. Preferably, the substance is deposited in 
the layer by sputtering. Thus, a sputter source is 
exposed to the plasma and adatoms of the layer 
substance are sputtered from an eroding surface of 
a sputter source onto" the substrate surface. The 
sputter source may be juxtaposed with the sub- 
strate so that both are simultaneously exposed to 
the plasma, and sputtering from the source to the 
substrate surface may be induced by applying 
either RF excitation or a DC bias to the sputter 
source. 

Processes according to preferred aspects of 
the present invention can be characterized as de- 
positing a substance from a gas phase onto the 
substrate surface to form a layer while maintaining 
the layer at a bulk temperature below the soiidus 
temperature of the substance and bombarding the 
layer with ions so as to substantially mobilize the 
substance on the surface of the layer and thereby 
promote planarization while maintaining the rate of 
resputtering of the layer substance caused by the 
ion bombardment below about ten percent of the 
rate of deposition. The degree of mobilization can 
be characterized by the "surface mobility param- 
eter." As used In this disclosure, the term "surface 
mobility parameter" means the mean distance 
which an atom will travel along a surface. The 
surface mobility parameter correlates directly with 
the kinetic energy or temperature of the atoms at 
the interface between the solid and gas phase on 
the top surface of the layer. In the present pro- 
cesses this surface temperature typically is dif- 
ferent from the bulk temperature of the layer, i.e., 
the temperature of the layer remote from the top 
surface. Preferably, processes according to the 
present invention provide a surface mobility param- 
eter equal to about one micrometer or more, prefe- 
rably more than about 1.5 micrometers. Such sur- 
face mobility parameters imply a surface tempera- 
ture well in excess of the melting temperature 
range of the layer substance. Preferred processes 
according to the present invention provide these 
high surface mobility parameters even though the 
bulk temperature of the layer is well below the 
melting range, i.e.. below the solidus temperature 
of the substance. Stated another way, preferred 
processes according to this aspect of the present 
invention provide a substantial difference between 
surface temperature and bulk temperature. 

The surface mobility, and hence the planariza- 
tion effect, can be further enhanced by maintaining 
the bulk temperature of the deposited layer above 



room temperature. For a given difference between 
surface temperature and bulk temperature, the sur- 
face temperature and hence the surface mobility 
varies directly with bulk temperature. Although the 

5 significant difference between surface temperature 
and bulk temperature achieved according to pre- 
ferred aspects of the present invention provides a 
high surface mobility parameter even at relatively 
low bulk temperatures, it is nonetheless desirable 

10 to maintain the bulk temperature of the layer above 
room temperature, particularly above about 150*C 
but nonetheless below the solidus temperature of 
the deposited material. In deposition of metals and 
metal alloys, and particularly aluminum or 

IS aluminum-based alloys (alloys containing more 
than about 50% aluminum), optimum results are 
achieved where the bulk temperature of the layer is 
between about 150 and about 525 °C. and most 
preferably between about 475 and about 525 "C. 

20 The bulk temperature of the layer and the tempera- 
ture of the substrate typically are close to one 
another because there is good heat transfer be- 
tween the layer and the substrate. The layer bulk 
temperature can be controlled by abstracting heat 

25 from the substrate during the process or by con- 
trolling the rate of deposition to thereby control the 
rate of heat addition to the layer and substrate by 
the deposited layer material. The layer bulk tem- 
perature can also be limited by temporarily inter- 

30 rupting the process, abstracting heat from the sub- 
strate during such interruption and then restarting 
the process. This technique is particularly valuable 
where the rate of heat transfer from the substrate is 
limited. 

35 The planarization effects achieved by the 

present invention can be further enhanced by par- 
ticular geometrical relationships between the sput- 
ter source and the substrate. In most typical ap- 
plications, the substrate surface is generally planar. 

40 i.e.. a surface having major areas or lands in a 
particular plane with minor areas, such as notches, 
grooves, holes and other depressions deviating 
from that plane. Planarization is enhanced by using 
a sputter source having a generally planar eroding 

45 surface and positioning the sputter source and sub- 
strate surface so that the plane of the eroding 
surface and the plane of the substrate surface 
define an acute angle, preferably about 10' to 
about 45° and most preferably about 30** between 

50 them. Thus, the adatoms sputtered '"-om the erod- 
ing surface tend to be directed obliquely to the 
vector normal to the' substrate surface. The ad- 
atoms thus impart some momentum along the 
plane of the surface, thereby further enhancing 

55 redistribution of the layer material along the sur- 
face. Planarization may be further ■ enhanced by 
moving the substrate relative to the sputter source 
during the process, as by rotating the substrate 
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about an axis normal to the substrate surface 
plane. 

The present invention also provides apparatus 
for performing processes according to the inven- 
tion. The apparatus preferably includes means for 
holding the substrate and means for depositing a 
substance on the substrate surface from a gas 
phase so as to form a layer of the substance. The 
apparatus also preferably includes means for pro- 
viding plasma in proximity to the substrate surface 
during operation of the depositing means, and RF 
power means for applying RF excitation to the 
substrate at frequencies between about 5 kHz and 
about 1 MHz. Typically, the depositing means in- 
cludes means for retaining a sputter source having 
an erodable surface in proximity to the substrate so 
that the erodable surface faces generally towards 
the substrate, and source power means for apply- 
ing bias to the sputter source to thereby cause 
sputtering of the substance from the erodable sur- 
face onto the substrate surface. In this arrange- 
ment, the plasma-providing means may include the 
source power means. As will be appreciated from 
the foregoing description of the preferred pro- 
cesses, the substrate RF power means provide the 
particular excitation frequencies to the substrate 
which promote planarization. 

In order that the present invention may be 
more fully understood, it will now be described with 
reference to the accompanying drawings, in which: 
Figure 1 is a schematic view of apparatus 
according to one embodiment of the present inven- 
tion. 

Figure 2 is a fragmentary, idealized - 
schematic view on a greatly enlarged scale depict- 
ing a portion of the apparatus and substrate of Fig. 
1 during one process according to the present 
invention. 

Rgure 3 is a view similar to Rg. 2 but 
showing the substrate after completion of the pro- 
cess. 

Apparatus according to one ennbodiment of the 
present invention includes a process chamber 10. 
A substrate holder 12 is mounted within chamber 
10 on a shaft 14 extending through an insulated 
rotary feedthrough 16 in a side wall of the cham- 
ber. Shaft 14 and substrate holder 12 are elec- 
trically conductive metal components, as are the 
wails of chamber 10, but the shaft and substrate 
support are electrically insulated from the walls of 
the chamber by feedthrough 16. Shaft 14 is linked 
to a motor 18, so that the shaft can be rotated 
about its axis. Substrate holder 12 is provided with 
an electrical resistance heating element 20 and a 
cooling coll 22. which are connected to appropriate 
heating power sources and cooling sources (not 
shown). The substrate hoWer has a generally 
planar front surface 24 and clamps 26 for retaining 



a planar workpiece such as a semiconductor wafer 
on front surface 24. The axis of shaft 14 is gen- 
erally horizontal, and front surface 24 lies in a 
substantially vertical plane. 

5 Shaft 14 and hence substrate holder 12 are 

electrically connected through a DC-blocking ca- 
pacitor 28 and an impedance matching network 30 
to a low frequency substrate RF power source 32. 
The RF power source is arranged to provide RF 

70 excitation at frequencies in the range of about 5 
kHz to about 1 MHz. the amplitude and frequency 
of these excitations being controllable by control 
means 34, 

A planar magnetron sputter source assembly 

75 36 is also mounted within chamber 10. Sputter 
source assembly 36 includes a target or source 
holder 38 arranged to hold a platelike sputter 
source 40 and magnets 42 arranged to provide 
generally arcuate magnetic fields in the vicinity of 

20 sputter source 40, The structure and operation of a 
planar magnetron are conventional and well known 
in the sputtering cirt, and accordingly need not be 
described further herein. In a preferred fornn of the 
present invention, the sputter source holder is ar- 

25 ranged to maintain the sputter source 40 so that its 
front or eroding surface 42 extends generally verti- 
cally within chamber 10. and so that eroding sur- 
face 42 is disposed at an acute angle to the planar 
front surface of substrate holder 12. Sputter source 

30 assembly 36 also includes appropriate means for 
maintaining the sputter source or target 40 elec- 
trically insulated from the walls of chamber 10, and 
a lead for connecting the sputter source 40 to 
sputter source RF power supply 44. Supply 44 is 

35 arranged to apply RF excitations to source 40 at an 
excitation frequency of 13.56 MHz. The amplitude 
of these excitations is controllable by control 
means 34. A conventional vacuum pump arrange- 
ment 46 and inert gas supply 48 are also con- 

40 nected to the interior of the chamber 10. Conven- 
tional instruments 49 are also connected within the 
chamber for monitoring the pressure within the 
chamt^er and the temperature of objects within the 
chamber. 

45 In a process according to one embodiment of 

the present invention, a substrate 50 is mounted on 
the generally planar front surface 24 of holder 12. 
As best seen in Hg. 2, substrate 50 is a semicon- 
ductor wafer which includes a multilayer semicon- 

50 ductor structure. The structure includes and elec- 
trically insulating back layer 52, an active semicon- 
ductor device region or element 54 and an elec- 
trically insulating front layer 56. Front layer 56 has 
a generally flat front surface 58 comprising flat 

55 coplanar lands 59 and a via hole 60 extending into - 
the substrate, perpendicular to the plane of lands 
58, to active semiconductor device 54. As will be 
appreciated, the size of these features is greatly 
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exaggerated in Fig. 2. Typically, each of the layers 
is on the order of two micrometers or less in 
thickness. The diameter w of the hole 60 may be 
about one to two micrometers and the depth d of 
the hole may be about one micron. The term 
"aspect ratio" as used In this disclosure with refer- 
ence to a hole means the depth of the hole divided 
by its diameter. Hole 60 may have an aspect ratio 
of about 0.5 or more, and about 1.0 or more in a 
wafer with particularly severe topography. Also, the 
circumferential wall of the hole may extend sub- 
stantially perpendicularly to the plane of lands 59. 
As will also be appreciated, the entire substrate 50 
incorporates thousands of active semiconductor de- 
vices 54, and thousands of via holes 60. Also, the 
front surface of the substrate may include other 
recesses, such as grooves, notches, etc., extending 
into the substrate from the lands 59. 

In the process, sputter source 40 is mounted to 
sputter source holder 38 and substrate 50 is moun- 
ted on the front surface 24 of holder 12 by retain- 
ers 26, so that the front surfaces 42 and 58 of the 
sputter source substrate extends vertically within 
chamber 10 and so that the front surface 58 of the 
substrate faces generally towards the front surface 
42 of the sputter source. Front surfaces 42 and 58 
of the sputter source and substrate define an acute 
angle between them. This angle preferably is be- 
tween about 10" and about 45° and most prefer- 
ably about 30*. Sputter source. 40 is composed of 
the material to be deposited on the substrate. In 
the process illustrated, the sputter source is formed 
from an alloy of about 94% aluminum and 6% 
copper. 

Vacuum pump 46 and inert gas source 48 are 
actuated to purge the chamber, fill the chamber 
with substantially pure argon and bring the cham- 
ber to an internal pressure of less than about 
5^10^ Torr. and preferably even lower. Thus, the 
chamber contains a highly rarefied, substantially 
pure argon atmosphere. Heater 20 is actuated to 
preheat substrate holder 12 and hence substrate 
50 to a preheat temperature between about 150**C 
and about 450 "C. most preferably between about 
250 ''C and about 350 °C. Sputter source RF power 
means 44 is actuated to apply RF excitation to 
sputter source or target 40. The RF excitation cre- 
ates a self-sustaining electrical discharge between 
the eroding surface 42 of sputter source 40 and the 
walls of chamber 10, thereby converting the rar- 
efied argon gas within the chamber into a plasma. 
The magnets 42 aid in creation of a self-sustaining 
glow discharge at the low gas pressures employed. 

The plasma created* by the glow discharge 
comprises positively charged argon ions and free 
electrons. The RF excitation applied to the sputter 
source induces a strong negative bias, so that 
argon ions from the plasma impact on the eroding 



surface 42 of the sputter source dislodging un- 
charged adatoms 62 of aluminum and copper 
atoms. These dislodged atoms 62 are in the gas 
phase, and pass towards the top surface 58 of 

5 substrate 50. The free metal adatoms 62 do not 
generally follow straight, linear paths from surface 
42 to 58. Also, the adatoms arrive at surface 58 
with velocities oriented in many different directions. 
However, the vector sum of all these different ve- 

70 locities is generally along the vector normal to 
surface 42. 

The adatoms 62 arrive on surface and accu- 
mulate in a deposited layer 64 on the front surface 
58 of the substrate. As the arriving" adatoms 62 

75 have an appreciable velocity component in the 
direction parallel to top surface 58, the adatoms 
impinging on the previously deposited portion of 
the layer tend to mobilize the material at the inter- 
face between the layer and the vapor phase in the 

20 direction parallel to the substrate front surface. 
Also, during the deposition process, motor 18 is 
operated to rotate shaft 14 and hence rotate sub- 
strate 50 about an axis normal to the top surface 
58. Preferably, the speed of rotation is selected so 

25 that less than 1% of the layer is deposited during 
each revolution of the- substrate holder, and so that 
the speed of rotation is at least about 50 rpm. The 
momentum imparted by the adatoms will be di- 
rected in different directions parallel to the sub- 

30 strate front surface at different times during each 
revolution. 

Substrate RF power means 32 is actuated to 
supply a DC blocked RF excitation to shaft 14 and 
hence to substrate holder 12 and substrate 50. The 
35 RF excitation applied to the substrate induces a 
negative DC potential or bias on the top surface 58 
of the substrate. The magnitude of this bias typi- 
cally is about one-half the peak-to-peak voltage of 
the RF excitation. Under the influence of the os- 
40 dilating RF excitation potential and the DC bias, 
argon ions 66 (Fig. 2) are accelerated towards the 
substrate and hence bombard the growing layer 
64. These argon Ions interact with the aluminum 
and copper adatoms 62 at the surface of the grow- 
ls ing layer. As will be appreciated, Figure 2 repre- 
sents an idealized, theoretical conception of such 
interaction, and the present invention is not limited 
by any such theory of operation. Regardless of the 
mechanism of operation, the argon ions bombard- 
so ing the growing layer mobilize *he deposited layer 
material, and the deposited material thus spreads 
into any low spots in the layer, i.e., into via hole 60 
and any other depressions (not shown) in substrate 
top surface 58. The mobilized material tends to fill 
55 in any such depressions and provide a substan- 
tially flat top surface on the deposited layer as 
seen in Fig. 3. Again, although the present inven- 
tion is not limited by any theory of operation, it Is 
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believed that this effect results in part from shield- 
ing phenomena. Thus, the material which is dis- 
posed within a low spot or depression is to some 
extent shielded from the impacting argon ions. Oth- 
er effects, such as interactions of the metal atoms 
among themselves may also play a role. 

The frequency and amplitude of the RF excita- 
tions applied to substrate 50 influence on the mo- 
bilization effect achieved, and also influence other, 
less desired effects. As noted above, the substrate 
RF excitation frequency should be between about 5 
kHz and about 1 MHz. preferably from about 50 
kHz to about 450 kHz and most preferably from 
about 100 kHz to about 250 kHz. Preferably, the 
amplitude of the RF excitation is selected to pro- 
vide a bias voltage of the substrate with respect to 
the plasma between about 100 and about 500 volts 
and more preferably about 100 to about 400 volts. 
Thus, the peak-to-peak amplitude of the RF excita- 
tion signal applied to the substrate should be be- 
tween about 200 and 1000 volts, and preferably 
between about 200 and about 800 volts. The RF 
excitation of the substrate preferably provides a 
power flux through substrate 50 and deposited 
layer 64 to the plasma less than about 1.5 watts 
per square centimeter of substrate front surface 
area, and more preferably less than about 1.3 
w./cm2, most preferably between about 0.5 and 
about 1 .3 w/cm2 

At the particular frequencies mentioned, the 
interaction between the argon ions and the ad- 
atoms at the layer surface tends to promote mo- 
bilization rather than resputtering. Thus, full 
pianarization can be achieved with very low resput- 
tering rates, typically less than about 10%. That is, 
the bombarding ions which result from RF excita- 
tion in the preferred frequency ranges tend to have 
a particular energy distribution which favors con- 
version of the ion kinetic energy to mobilization 
rather than to resputtering, I.e., dislodgement of 
material entirely from the layer surface into the 
vapor phase. Equations for predicting the energy 
distributions of ions bombarding a surface from a 
plasma under the influence of RF excitation and 
relating the bias voltage to the excitation amplitude 
are well known. These equations are set forth for 
example, in the article Calculation of Ion Bombard- 
ing Energy and its Distribution in RF Sputtering, 
Physical Review . Volume 168. No. 1, April 5, 1968. 
pp. 107-113, by R.T.C. Tsui. The disclosure of this 
article is hereby incorporated by reference herein. 
As set forth in greater detail in the Tsui article, the 
ions bombarding a surface tend to have an energy 
distribution centered on a predetermined central 
energy level Vo corresponding to the bias voltage 
induced by the RF excitation, which voltage Is 
approximately equal to one half the peak-to-peak 
amplitude of the RF excitation. With excitation fre- 



quencies of about 13.56 MHz, the energy distribu- 
tion is closely clustered around Vc. Thus, the ion 
energy distribution is substantially the same as that 
resulting from a DC bias of the same voltage Vo. 

5 However, for excitation frequencies in the preferred 
ranges utilized in the present invention, the ion 
energy distribution is broader, and incorporates a 
very substantial portion of relatively low energy 
ions. Again, although the present invention is not 

10 limited by any theory of operation, it is believed 
that the substantia! numbers of relatively low en- 
ergy ions impacting on the growing layer under the 
influence of the RF excitation preferred according 
to the present invention contribute significantly to 

75 mobilization but do not cause appreciable resput- 
tering. 

Particular excitation frequencies for particular 
substrates can be selected by considering two 
significant effects. Rrst, as explained above, lower 

20 frequencies tend to provide broader bombarding 
ion energy distributions, and hence greater propor- 
tions of bombarding ions which contribute to mo- 
bilization but do not contribute appreciably to re- 
sputtering. However, where the substrate is an 

25 electrically insulating body having appreciable ca- 
pacitive reactance under the conditions employed, 
the RF excitation tends to induce alternating elec- 
trical potential differences through the substrate. 
Thus, at any given moment, the front surface 58 of 

30 the substrate may be at a slightly different potential 
than the back surface in contact with the substrate 
holder 12. These potential differences may produce 
unwanted, unpredictable electric fields at the edges 
of the substrate and at substrate features. These 

35 fields, in turn, may cause focusing or defocusing of 
the bombarding ions which can interfere with 
pianarization. 

To substantially eliminate these effects, the fre- 
quency of the RF excitation applied to the sub- 

40 strate preferably is high enough that the maximum 
voltage difference through the substrate and grow- 
ing layer caused by capacitive effects is less than 
about 5% of the bias voltage induced by the RF 
excitation, preferably less than about 10 volts and 

45 most preferably less than about 5 volts. The 50 
kHz-450 kHz range, and particularly the 100-250 
kHz range of frequencies provides a good balance 
of these competing considerations for silicon and 
silicon dioxide-based substrates on the order of 

50 about .010-.04O, and particularly about .020 inches 
thick, and for other substrates having similar ca- 
pacitance per unit area. For substrates having 
greater capacitance per unit area, the lower limit of 
the prefen-ed frequency ranges shifts upwardly 

55 somewhat, whereas for substrates having lesser 
capacitance per unit area, the lower limit of the 
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preferred range can be reduced somewhat. Stated 
mathematically, the capacitive voltage drop through 
the substrate is given by the formula; 

V IIXcl 

A 

WHERE: 

V is the voltage drop through the substrate: 
I is the power density per unit area of of 
substrate top surface; 

Xc is the capacitive reactance of the substrate; 
and 

A is the area of the substrate top surface. 

AS; 

Xc = d 

A" 2 f K Q 

WHERE: 

d is the mean thickness of the substrate; 

f is the frequency of the RF excitation applied 

to the substrate; 

K is the dielectric constant of the substrate 
material; and 

o is the permittivity of free space. 
ACCORDINGLY, 

V = d 

WHERE; 

fmin is the minimum RF excitation frequency; 
and 

Vmax is the maximum desired voltage drop 
through the substrate. 

The metal adatoms arriving at the surface of 
growing layer 64 and merging with the layer impart 
considerably energy to the layer. Typically, the 
adatoms have velocities and kinetic energies cor- 
responding to the kinetic energy of aluminum vapor 
atoms at a temperature of about 30.000" K. This 
energy is converted into heat within the layer as 
the metal atoms merge with the layer. -Also, the 
energy imparted to the metal atoms at the front 
surface of the layer by the bombarding ipns is 
ultimately converted Into heat in the layer. Accord- 
ingly, there is substantial heat input into the layer 
during the process. As the deposited metal layer is 
in intimate contact with the front surface of the 



substrate and as the various elements of the sub- 
strate are in intimate contact with one another, 
there is good heat transfer from the layer to and 
throughout the substrate, so that the temperature of 

5 the substrate 58 tends to track the bulk tempera- 
ture of the layer 64 and the substrate acts as a 
"heat sink" for the growing layer. However, the 
thermal capacity of the substrate is limited and 
hence the temperature of the substrate also tends 

70 to increase in the process. To keep the layer 64 
from melting and to protect the substrate from heat 
damage, appropriate measures are employed to 
control the substrate and layer bulk temperatures. 
Thus, appropriate measures are taken to abstract 

75 heat from the substrate and/or the growing layer 
during the process. 

There is some heat transfer from the substrate 
and the layer to the walls of vessel 10. as the walls 
typically are cooler than the substrate. Thus, the 

20 walls serve to abstract some heat from the sub- 
strate and layer. Ordinarily, the temperature of the 
walls does not rise appreciably during the process, 
because the wails are relatively massive. If desired, 
however, the walls can be provided with appro- 

25 priate cooling elements such as cooling coils or the 
like. 

The substrate holder 12 also serves to abstract 
heat from the substrate. Preferably, substrate hold- 
er 12 is maintained at a temperature substantially 

30 less than the desired maximum temperature of the 
substrate and deposited layer to be attained during 
the process. Thus, the temperature to which sub- 
strate holder 12 is preheated should be less than 
the desired maximum temperature of the substrate 

35 and layer. Ordinarily, the substrate holder 12 has 
sufficient mass and specific heat so that the tem- 
perature of the substrate holder itself does not rise 
appreciably during the process. If desired, how- 
ever, heat can be abstracted during the process 

40 from the substrate holder by additional cooling 
means such as cooling coil 22 and an external 
source of a cooling fluid. 

Although the confronting surfaces of substrate 
base layer 52 and substrate holder 12 are both 

45 nominally flat, there may be minute deviations from 
flatness in both of these surfaces, and consequent- 
ly there may be minute gaps 70 (Fig. 2) between 
these confronting surfaces. The pressures em- 
ployed in the process are so low that gaps 70 are 

50 effectively vacuum space*5 insofar as heat transfer 
is concerned. Thus, conduction and convection 
through these gaps are negligible, and the major 
portion of the heat transfer from the substrate to 
the substrate holder ordinarily proceeds by' radi- 

55 ation from the substrate to the substrate holder. 
The rate of heat transfer from the substrate to the 
substrate holder can be increased by techniques 
such as sealing the substrate to the substrate hold- 
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er around the periphery of the substrate and in- 
troducing a fluid such as a gas under appreciable 
absolute pressure between the substrate and the 
substrate holder. However, these techniques add 
considerably to the conaplexity of the process and 
apparatus, and accordingly are not preferred. 
Moreover, because the preferred techniques ac- 
cording to the present invention can achieve good 
planarization and relatively high rates of layer for- 
nnation with only moderate energy inputs to the 
layer and substrate, such techniques ordinarily are 
unnecessary. 

In particularly difficult cases, as where the to- 
pography of the substrate, prior to layer formation, 
is especially severe and hence there is a particu- 
larly great requirement for nnobilization and mo- 
bilization energy imparted by the bombarding ions, 
or where the temperature of the layer and/or sub- 
strate must be limited to a particularly low value, 
the temperature can be controlled by abstracting 
heat from the substrate and/or layer as aforesaid 
during the sputter deposition and bombarding 
stages, interrupting the deposition and the ion 
bombardment while continuing the heat abstraction 
step and then resuming the ion deposition and 
bombardment steps. This sequence of steps can 
be repeated as many times as necessary. In this 
arrangement, heat abstraction from the layer and 
substrate during the interruption or interruptions 
supplements heat abstraction during the sputter 
deposition and bombardment steps. It is also pos- 
sible, although markedly less preferred, to abstract 
heat only during interruptions. 

Control of the rate of sputter deposition, as by 
control of sputter source RF power supply 44, also 
contributes to control of the substrate and layer 
bulk temperatures by controlling heat input to the 
substrate. However, the rate of deposition of the 
metal layer on the substrate in processes accord- 
ing to preferred embodiments of the present inven- 
tion can be substantially the same as In non- 
planarizlng processes. Thus, with aluminum or 
alunninum-based alloys, net rates of deposition onto 
the substrate front surface in excess of 5,000 
angstroms/min. and typically about 10.000 
angstroms/min can be achieved in the present pro- 
cesses white still maintaining the desired low bulk 
temperatures and also achieving substantially com- 
plete planarization. The very low resputtering rate 
utilized in preferred processes according to the 
present invention, typically less than 10% and most 
typically about 7% to about 9%, facilitates opera- 
tion at a relatively high net deposition rate. Sub- 
stantially complete planarization can be achieved 
even in structures having extraordinarily severe to- 
pography, such as structures including via holes 
with peripheral walls substantially perpendicular to 
the front or land surface of the substrate, having 



diameters of about 1.5 micrometers or less and 
having aspect ratios of about 0.5. 0.75 or even 
higher. Thus, the layer covering such a substrate 
can be planarized to the degree where the entire 
5 via hole 60 is completely filled with the metal, 
thereby providing an excellent contact with the 
underlying active structure 54 of the semiconductor 
device as illustrated in Fig. 3. Moreover, this com- 
plete planarization can be achieved with only in- 

10 significant, unobjectionable amounts of grain 
growth, i.e., while maintaining grain size below 
about 7,000 Angstroms and preferably below about 
5.000 Angstroms, There is no detectable segrega- 
tion of elements in the layer material. Thus, even 

75 where elements such as copper or silicon are in- 
cluded in addition to aluminum, these elements 
remain distributed uniformly throughout the layer. 
As will be readily appreciated by those of ordinary 
skill in the art. via holes as mentioned provide an 

20 extraordinarily severe test of a planarizing process. 
Less severe topographical features, such as ta- 
pered via holes, slots and the like can be fully 
covered and filled by a planarized layer using 
processes described. 

25 As will further be appreciated, numerous vari- 

ations and combinations of the features described 
above may be employed. For example, argon need 
not be employed to form the plasma; other inert 
gasses such as neon, xenon the like may be used 

30 in a sputtering process. Further, metals other than 
aluminum and aluminum-based alloys can be de- 
posited and planarized according to the present 
invention. Typically, the bombarding ion energy 
required to mobilize a particular metal or metal 

55 alloy on the surface of the growing layer is directly 
related to the melting temperature of the material. 
Accordingly, the power applied to the substrate in 
RF excitation can be adjusted according to the 
melting temperature. Also, materials other than 

40 metals can be deposited and planarized according 
to the present invention. Notably, relatively low- 
melting glass compositions can be sputter dep- 
osited and can be planarized according to the 
present invention. Although grain growth typically is 

45 not a problem in deposition or planarization of 
glass layers, the relatively low layer bulk tempera- 
tures utilized in preferred processes according to 
the present invention tend to minimize thermal 
stress at the interface between the glass layer and 

50 the underlying substrate. The same relative free- 
dom from thermal stress is also advantageous in 
the case of metal layers. 

In the preferred processes described above, 
the substance deposited in the layer is injected into 

55 the vapor phase by sputtering from sputter source 
or target 40. Although such sputtering deposition is 
preferred in processes according to the present 
invention, other ways of depositing the layer sub- 
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stance can be employed. For example, metals 
such as aluminum and aluminum-based alloys can 
be evaporated from a source rather than sputtered 
from a source. Preferably, such an evaporation 
procedure will utilize a plasma In proximity to the 
substrate to provide the bombarding ions. The 
evaporated aluminum atoms will pass through the 
plasma and deposit on the substrate surface sub- 
stantially as do the sputtered aluminum atoms in 
the preferred processes. Also, the substance to be 
deposited and planarized in the layer can be de- 
rived from the plasma itself, i.e., in a plasma- 
assisted chemical vapor deposition procedure. 
Here again, it would be preferred to employ the 
plasma as the source of bombarding ions, drawing 
these ions from the plasma by RF excitation of the 
substrate as described above. In its broadest com- 
pass, however, the present invention also contem- 
plates systems in which the ions bombarding the 
substrate are not derived from a plasma, but in- 
stead are derived from other sources, such as an 
ion gun aimed towards the substrate. As will be 
readily appreciated, mobilization and planarization 
effects similar to those achieved by preferred pro- 
cesses according to the present invention can be 
attained by operating an ion gun or other ion 
source so that ions from the gun bombard the 
substrate with an energy distribution substantially 
similar to that of the plasma ions bombarding the 
substrate and growing layer in the preferred pro- 
cesses described above. As those of ordinary skill 
in the art will also appreciate, however, ion guns 
typically can provide only limited rates of ion bom- 
bardment and accordingly are markedly less pre- 
ferred where a substantial area of an exposed 
substrate surface is to be treated. 

As these and other variations and combinations 
of the features described above can be utilized 
without departing from the present invention as 
defined in the claims, the foregoing description of 
the preferred embodiments should be taken by 
way of illustration rather than by way of limitation of 
the present invention as described in the claims. 



Claims 

1. A method of depositing and planarizing a 
layer of a substance on a surface of a substrate, 
comprising the steps of depositing said substance 
on said surface from a gaseous phase to thereby 
form said layer; and exposing said layer to a plas- 
ma during said depositing step; characterized by 
the step of applying an RF excitation at between 
about 5 KHz to about 1 MHz to said substrate so 
that said RF excitation induces a bias voltage on 
said substrate with respect to said plasma so that 



ions from said plasma bombard said layer and 
mobilize said substance on said layer during said 
depositing step. 

2. A method as claimed in Claim 1 , character- 
5 ized in that the rate of resputtering of said sub- 
stance from said layer by said bombarding ions is 
less than about 10% of the rate of deposition of 
said substance on said surface. 

3. A method as claimed in Claim 1 or 2, 
70 characterized in that said bias induced by said RF 

excitation is between about 100 and about 500 
volts. 

4. A method as claimed in Claim 1, 2. or 3, 
characterized in that the frequency of said RF 

15 excitation is selected so that the capacitive voltage 
drop through said substrate is less than about 10 
volts. 

5. A method as claimed in any one of the 
preceding claims, characterized in that said fre- 

20 quency of said RF excitation is between about 50 
kHz and about 450 kHz. 

6. A method as claimed in any one of the 
preceding claims, characterized in that said sub- 
stance is a metal or metal alloy. 

25 7. A method as claimed in Claim 6. character- 

ized in that said metal or metal alloy includes at 
least about 50% aluminum and said bulk tempera- 
ture is maintained below about 525 ''C during said 
depositing step. 

30 8. A method as claimed in Claim 7, character- 

ized in that said bulk temperature of said layer is 
maintained at at least about ISCC during said 
bombarding step. 

9. A method as claimed in Claim 8. further 
35 characterized by the step of preheating said sub- 
strate to between about ISO^C and about 400 "C 
prior to said depositing step. 

10. A method as claimed in any one of the 
preceding claims, characterized in that the bulk 

40 temperature of said layer is maintained below the 
solidus temperature of said substance during said 
depositing step. 

11. A method as claimed in Claim 10. char- 
acterized in that said step of maintaining said bulk 

45 temperature of said layer includes the step of ab- 
stracting heat from said substrate during said de- 
positing step- 

12. A method as claimed in Claim 1. further 
characterized by the step of interrupting said de- 

50 positing step, abstracting heat from said substrate 
during said interruption, and resuming said deposit- 
ing step after said interruption. 

13. A method as claimed in any one of the 
preceding claims, characterized in that said depos- 

55 iting step includes the step of directing adatoms of 
said substance towards said surface at angles ob- 
lique to the vector normal to said surface. 
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14. A method as claimed in any one of the 
preceding claims, characterized in that said depos- 
iting step includes the step of sputtering adatoms 
of said substance from an eroding surface of a 
sputter source. 

15. A method as claimed in Claim 14. char- 
acterized in that said eroding surface and said 
surface of said substrate are both generally planar, 
and said eroding surface is disposed at an angle of 
-tietween about 10** and about 45* with respect to 
said surface of said substrate during said deposit- 
ing step. 

16. A method as claimed in Claim 15. char- 
acterized in that both said eroding surface and said 
surface of said substrate are maintained substan- 
tially vertical during said depositing step. 

17. A method as claimed in Claim 15, further 
characterized by the step of rotating said substrate 
about an axis normal to said surface of said sub- 
strate. 

18. A method as claimed in any one of the 
preceding claims, characterized in that said surface 
of said substrate includes a planar land, a hole less 
than about two micrometers in diameter and having 
an aspect ratio more than about 0.5. and said 
substance substantially fills said hole during said 
depositing step. 

19. A method as claimed in any one of the 
preceding claims, characterized in that said sub- 
strate is a semiconductor wafer. 

20. A method as claimed in any one of the 
preceding claims, characterized in that said ion 
bombarding step is performed so as to maintain 
the surface mobility parameter of said substance at 
at least about one micron during said depositing 
step. 

21. Apparatus for depositing and planarizing a 
layer of a substance on a surface of a substrate, 
comprising means for holding said substrate; 
means for depositing said substance on said sur- 
face from a gaseous phase to thereby form a layer 
of said substance on said surface; and means for 
providing a plasma in proximity to said surface 
during operation of said depositing means; said 
apparatus being characterized by substrate RF 
power means (32) for applying RF excitation to 
said substrate (50) at a frequency of about 5 kHz to 
about 1 MHz. 

22. Apparatus as claimed in Claim 21, further 
characterized by temperature control n.eans (34) 
for controlling the bulk temperature of said layer 
during operation of said depositing means to main- 
tain said bulk temperature below the solidus tem- 
perature of said substance. 

23. Apparatus as claimed in Claim 21 or 22. 
characterized in that said depositing means (36) 
includes means for retaining a sputter source (40) 
having an erodable surface (42) in proximity to said 



substrate so that said erodable surface faces gen- 
erally towards said substrate and said plasma, and 
source power means (44) for applying a bias to 
said sputter source to thereby cause sputtering of 

5 said substance from said erodable surface. 

24, Apparatus as claimed in any one of Claims 
21-23, characterized in that said means for retain- 
ing a sputter source is operative to retain a sputter 
source having a generally planar erodable surface, 

70 and said means for holding said substrate includes 
means for retaining a substrate having a generally 
planar front surface so that said front surface is 
disposed at an angle of about 10* to about 45* 
with respect to said erodable surface. 

/5 25. Apparatus as claimed in Claim 22, char-, 

acterized in that said temperature control means 
(34) includes means for controlling the operation of 
said depositing means to thereby limit addition of 
heat to said layer by said substance as said sub- 

20 stance is deposited in said layer. 

26. Apparatus as claimed in Claim 22 or 25. 
characterized in that said temperature control 
means includes means (12) for abstracting heat 
from said substrate during operation of said depos- 

25 iting means. 

27. Apparatus as claimed in Claim 22, 25 or 
26, characterized in that said temperature control 
means is operative to maintain said bulk tempera- 
ture of said layer at an elevated temperature at 

30 least about 150*C, but below said solidus tempera- 
ture during operation of said depositing means. 
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